Recently the use of biologic materials as dura mater repair patches has been increasing. The purpose of this study is to assess the basis for efficacy and safety of using a novel fish derived acellular dermis (Kerecis Omega3 Dura™). In an ovine model a craniotomy under general anaesthesia was performed. A defect was produced in the dural covering of approximately 1 × 2 cm and closed with an onlay technique, with Kerecis Omega3 Dura. The bone defect was covered with the bony flap and the overlying tissues closed in layers. At 2, 5, 8 and 11 weeks the sheep underwent MRI scanning followed by euthanasia, necropsy and histological assessment. MRI images taken at 2, 5, 8 and 11 weeks showed initially moderate inflammatory response, which diminished over time, and at 11 weeks no evidence of inflammation existed. There was evidence of cerebrospinal fluid leakage at no time point. Necropsy revealed some adhesions at 5 and 8 weeks, in particular at 5 weeks, but at 11 weeks there were no adhesions found. From 2 -11 weeks, there was evidence of initially an inflammatory reaction followed by neodura formation at the defect site through cellular ingrowth and remodeling of the acellular fish skin. Histology showed a histiocytic foreign body reaction initially that subsided over time. As early as 8 weeks there was evidence of neodura formation and by 11 weeks there was a minimal inflammatory response with an intact neodura formed. In this pilot study the Kerecis Omega3 Dura patches performed in a safe and efficacious manner. This new material needs to be fully assessed and compared with other products that are currently on the market in a larger scale animal study.
Introduction
All commercially available tissue based or tissue derived materials used for implantation to date are derived from mammalian sources. Biologic tissue based materials are normally referred to as Acellular Dermal Matrices (ADM's) and Extra Cellular Matrices (ECM's). Biologic tissue derived materials are normally referred to as collagen scaffolds. Tissue based materials are intact tissues where cells and fats have been washed away with detergents because of disease transmission risk. As no disease transmission risk exists in the use of fish skin, fats are not washed away during processing and hence the materials are referred to as acellular fish skin. Tissue derived materials are denatured protein polymers (normally collagen) that have been extracted from tissue through hydrolysis.
The use of tissue based and tissue derived materials within various bioengineering fields has grown rapidly due to their excellent biocompatibility, low antigenicity, high biodegradability and good mechanical, haemostatic and cell-binding properties. Acellular fish skin has the potential for use in a variety of clinical scenarios such as management of wounds, oral cavity wound repair, dura mater repair, hernia surgery, treatment of burns and foreseeable for tissue augmentation in plastic surgery such as breast reconstruction and abdominal wall reconstruction. Prior to human clinical use, it is important to evaluate how the acellular fish skin behaves in vivo compared to mammalian derived products. It is also important to document the tissue reaction and compare to results in the literature as well as to discover potential adverse reactions.
Biologic dura mater implants possess a proven efficacy record, both in established animal models as well as in clinical use [1] . Biologic products have been assessed in a variety of neurosurgical procedures, proving to be safe and effective. An example of such an assessment is a study with an onlay suture-free technique, where the results demonstrated that operating theatre time was minimized and that no secondary cerebrospinal fluid (CSF) leaks were observed [2] - [6] .
The requirements for an ideal dura mater substitute are: no induction of an immune or inflammatory response and no neurotoxicity. The material should rapidly resorb and be replaced with the body's own connective tissue so that neodura is formed. The material should not cause significant adhesions or abundance of fibrosis. The material needs to be resistant to tearing, watertight as well as being easy to handle and apply. Other important criteria are viral and prion safety and economical attractiveness.
Some form of dura mater defect patching is required in association with almost 30% of all craniotomies [7] . The need for dura mater patching materials with superb clinical usability is therefore of great practical significance.
In recent years, a firm relationship has been determined between iatrogenic Creutzfeld-Jakob disease and human cadaveric biologic dura substitutes [8] [9] . The impossibility of completely ruling out this significant risk has triggered the ongoing search for new risk free dura substitutes, including various types of dural sealants, dura substitutes and growth factors [10] .
Fish does not possess prions or viruses transmittable to humans. Acellular fish skin grafts are therefore an exciting alternative to mammalian biologic materials. Regulatory authorities require mammalian xenograft product to be from specially raised flocks of animals in BSE free countries. Also genetically modified pigs are normally used where the gene encoding alpha-gal has been removed. Alpha-gal is the main allergic component related to human use of porcine xenografts.
Material and Methods

Experimental Animals
The study was performed on five adult domestic sheep of Icelandic breed based on an approval from the approval from the ethical committee on animal and laboratory research. The animals were kept in an animal pen at the Institute for Experimental Pathology, University of Iceland, Keldur.
The literature contains the results of multiple dura mater studies in various animal models. The most common small animal models are rabbit or canine [1] [11] [12] . Large animal models include both porcine and ovine models. Both the efficacy and safety of biologic patches in the repair of dura defects has been evaluated in such models [13] [14] . In the case of this study, a large animal model was considered to better simulate the surgical procedures in humans resulting in the use of an ovine model.
Allocation to Study Groups
The five sheep in the study were allocated randomly between the time periods of 2, 4, 6, 8 and 10 weeks for neuro imaging, followed by necropsy and histological analysis.
Investigated Products
Kerecis Omega3 Dura is acellular fish skin from North Atlantic cod fish (Gadus morhua). The material is produced by immediately harvesting fish skin from the caught fish. The skin is then de-scaled, followed by gentle acelleration where the skin's cells are removed without interrupting the natural structure of the skin. Differently from processing of mammalian tissues no harsh detergents are used during processing leaving the fatty component of the tissue largely undisturbed. Finally water is removed from the skin with freeze drying, the material packed and sterilized.
Anaesthesia and Euthanasia
Anaesthesation and euthanisation was performed in the following manner:
As with all surgical procedures there is the possibility of pain postoperatively. In order to minimize any suffering to the animals appropriate measures were taken, prior to, during and after the operation by using the most suitable pharmaceuticals as described below. The perioperative process was performed through a cooperation between a veterinarian and a medical anaesthesiologist.
Premedication: Xylazin (Chanazin 10%, Chanelle Pharmaceuticals Manufacturing Ltd., Ireland) 0.5 -1 ml/50 kg i.v. + 1 ml Atropin s.c.
Anaesthesia: Ketamin (Ketador Vet 100 mg/ml, Richter Pharma AG, Austria) 100 mg/ml: 1 ml/50ml. i.v. When the animal became drowsy, an intravenous catheter was inserted in the right jugular vein. Saturation and pulse was monitored by attaching a pulseoxymeter onto an ear. Endotraacheal intubation was facilitated with i.v. propofol boluses. General anaesthesia was accomplished using a conventional anaesthesia machine for humans with Isofluran on spontaneously breathing intubated animals in the prone position.
Isoflurane and oxygen concentration in inspiratory air and CO 2 in expiratory air was monitored continuously. No muscle relaxants were given, allowing the animals to breathe spontaneously and to move if experiencing pain, allowing easy monitioring of the anaesthesia depth.
Flunixin (Finadyne vet 50 mg/ml, Intervet International BV, The Netherlands) 1 ml/50kg s.c. post operative pain relieve was provided daily. Duragesic depot plaster was provided one day before operation as well as on the day of operation and then every second day up to one week after operation.
Peri and post-operative, phenoxymethyl-penicillin was given for 3 days. During neuroimaging, the animals received the same premedication as described above, then an i.v. jugular catheter was inserted and the animal sedated with intermittent i.v. propofol boluses, allowing spontanoues breathing, under continuos observation.
Euthanasia: Euthasol vet 400 mg/ml i.v.
Surgical Technique
All the animals had a right craniotomy over frontoparietal area performed as follows: The wool on the head was shaved, followed by a chlorhexidine wash (0.5%). Sterile drapes were applied for the surgical field. Local anaesthesia for the operation and post-operative pain was achieved with Bupivacaine 5 mg/ml & adrenaline 5 microgr/ml mixture in scalp. The skin was incised to the right of the midline and a right sided craniotomy performed. The bone was then removed with great care, in order to prevent injury to the arachnoidea mater. An incision into the dura was made, creating a defect of approximately 1 × 2 cm. The defect was covered with Kerecis Omega3 Dura as an onlay, tucking the ends underneath the circular defect in the skull. The bone defect was then closed with the excised bone flap. The galea was closed using absorbable sutures and the closure of the scalp was achieved with interrupted sutures.
Postoperative Observation of the Animals
The animals were returned to their pen approximately 30 minutes after extubation. They were checked hourly for any signs of inflammation or neurological abnormality in the first 4 hours and then daily after that. Post operative pain relieve was achieved with Finadyne vet (flunixin) 1 ml/50kg s.c daily and Duragesic depot plaster once before the day of operation and then every second day up to one week after the operation.
Neuroimaging
At preplanned time intervals the animals were brought in for Magnetic resonance imaging (MRI) with and without gadolinium contrast enhancement, to look for; evidence of cerebral inflammation or damage, evidence of CSF leak and graft visualization.
Sampling
On the day following neuroimaging, individual animals were sacrificed with euthanasia. Euthanasia was performed by an experienced veterinarian with Euthasol vet 400 mg/ml (pentobarbitol). Scheduled time points were after 2, 4, 6, 8 and 10 weeks post operation for one animal at each timepoint.
The euthanized animals had their heads surgically split, sagitally slightly to the left of the midline. Gentle dissection was the done to remove the rest of the left side of the cerebrum. The implant side was then examined for any evidence of macroscopic adhesions between the surface of the cerebrum to the implant material, followed by gentle blunt dissection. The surface of the brain was inspected and then fixed in formaldehyde. The dura and graft material was then dissected from the interior of the skull and fixed in formaldehyde.
Histological Methods
Tissue sections were stained with H&E and Movat pentachrome (MP), prior to histometric scoring for acute and chronic inflammation as well as eosinophilic infiltration. Sections were stained in a standard manner with hematoxylin and eosin (HE). Modified Movat's pentachrome staining was performed in the following manner:
Briefly, sections were stained with 1% alcian blue solution for 20 min, washed briefly in water and placed in preheated ammonium hydroxide solution (56˚C) for 10 min and washed for 5 min under cold running water. The slides were placed in orcein-verhoeff working solution for 7 min and washed for 5 min under cold running water, then stained with woodstain scarlet-acid fuchsin working solution, followed by differentiation in 0.5% acetic acid and incubated with 5% phosphotungstic acid for 5 -10 min. The slides were transferred directly into 1% acetic acid for 5 min, and then rinsed in three changes of absolute alcohol. Finally the slides were placed in alcoholic safran solution for 8 minutes, rinsed in three changes of absolute alcohol, cleared in xylene and mounted.
The objective of histological assessment was to: • Describe and quantify the inflammatory reaction in the graft site (epidural, subdural, transitional zone between dura and graft).
• Evaluate the extent of foreign body reaction.
• Evaluate the degree of connective tissue organization of the graft.
• Evaluate changes to the cerebral cortex (inflammation and necrosis).
Results
Intraoperative and Postoperative Course
Anaesthesia, surgery and the postoperative follow up was uneventful in all but one animal. The first animal operated on was difficult to intubate and ended up having a cricothyroidotomy performed for safe airway management. The animal had a lengthy general anaesthetic and operating time, however appeared well later in the day but then died overnight. Necropsy performed showed no evidence of an acute reaction at the graft site but some intraoperative bruising had been noted. The death was deemed to be a result of the complicated operation. No compromise of the airway was though noted. Due to the reduced number of animals, the chosen time points were changed to achieve an improved scope to reflect the same overall time period, with one animal being sacrificed at 2, 5, 8 and 11 weeks respectively.
There was minimal intraoperative bleeding and in most cases from small blood vessels of the dura mater. Intraoperative hemostasis was unproblematic. There was suspicion of a possible minor contusion intraopera-tively on the first sheep.
None of the animals displayed neurological abnormalities during postoperative follow up. Likewise, none of the animals displayed signs of inflammation, cerebrospinal fluid leakage or impaired wound healing. No complications related to the anaesthesia were noted.
Necropsy
At 2 weeks the surgical wound had healed well with no evidence of inflammatory changes. The surface of the brain appears normal, with 2 mm adhesion between brain and overlying dura repair. Mild intrusion of bony flap as seen on MRI. Adhesion bluntly dissected without any problems. No erythema or inflammation noted on cerebral surface (Figure 1) . Right side of brain removed enbloc and put in formaldehyde prior to fixation and histology. Interior surface of dura shows the defect has closed and the dural patch is not visible through it. Appears as a normal dura. On the outer surface the fish skin dura patch is visible and intact. Shows evidence of integration into surrounding dura. Extradural tissues look benign with minor granulation tissue noted. The dura patch with the surround dura is excised enbloc and placed in formaldehyde.
At 5 weeks the wound is well healed. There is evidence of protrusion of the bony flap by approximately 4 mm. Underneath the dura patch in that area, there is evidence of adhesion over an area of 5 -10 mm (Figure 2) . The adhesions were bluntly dissected and on the surface of the cerebrum there was a visible yellowish discoloration considered to be from traces of hemosiderin. The brain was fixed in formaldehyde. The fish skin patch and surrounding dura show evidence of integration and were excised enbloc and placed in formaldehyde.
At 8 weeks the external wound is well healed. There is approximately 2 mm intrusion of the bony flap and underneath that, a minor 2 mm adhesion, that was easily bluntly dissected from the underlying brain. The cerebral surface appears normal. The fish skin patch adheres to the overlying bone and was bluntly dissected away (Figure 3) . The outer dural surface shows good integration of dura and the dura patch, which is still visible and the area is slightly thinner than the normal dura and slightly oedematous. Brain and dura patch with surrounding dura fixed in formaldehyde.
At 11 weeks the external wound is fully healed. The bony flap sits well in the cranial defect with no intrusion. There is no evidence of any adhesion and the cerebral surface appears normal (Figure 4) . The fish skin patch is slightly visible and the area shows excellent integration into surround dura. Specimens fixed in formaldehyde as above.
Neuroimaging
One day prior to necropsy, each individual sheep underwent a Magnetic Resonance Imaging (MRI) scan. The following MRI sequences were performed on each individual: Axial and coronal T2, Axial FLAIR, Axial diffusion weighted imaging (DWI), Sagital T1 SPGR (3D series) before and after administration of intravenous gadolinium contrast (dose approximately 1 mg/kg). General description: none of the subjects showed evidence of subdural fluid collection, cerebral inflammatory changes, enlargement of the ventricular systems nor any parenchymal abnormality (with the exception of one subject that showed very minimal intraparenchymal hemorrhage believed to be post-operative in nature). The operative zone was noted to be in the frontoparietal area slightly to the right of the midline.
At 2 weeks there is evidence of post-operative inflammation within the surgical bed with an extradural fluid collection with a maximum thickness of 7 mm. Extracalvarial fluid was also identified, with a maximum thickness of 3 -4 mm. There is an area of post contrast enhancement of 3 mm thickness adjacent to the brain. The fish skin patch was not identifiable (Figure 5) .
At 5 weeks there is no evidence of any fluid accumulation. There is mild contrast enhancement that was concluded to be of the magnitude expected after a craniotomy and dura compromise. On one T1 image there is evidence of a tiny hairpin 3 mm intracerebral focus of hemorrhage adjacent to an incursion of the bony flap, that was replaced postoperatively. The radiologists conclusion was that the hemorrhage is the result of secondary pressure from the bony flap and thus a post-operative finding ( Figure 5 ). At 8 weeks there is a minimally increased signal involving the operative bed, but no abnormal signal of the cerebrum on T2 or FLAIR images. No fluid collection and only minor contrast enhancement noted and considered to be within normal limits after a craniotomy and dura operation. The bony flap is "tilted" within the craniotomy defect, with some incursion into the calvarium, but no underlying inflammatory changes of note (Figure 6) .
At 11 weeks the defect site would not have been noticeable of not for the overlying bony defect. Only very minimal contrast enhancement is noted in the region of the dura, despite recent surgery (Figure 6 ).
Macroscopy and Histology
Macroscopically, all the animals displayed reliable closure of the dura defect, with no graft rejection or reactions. Small adhesions between the implant and cortical structures developed in most cases, probably due to tiny injuries to the arachnoid during surgery.
Two weeks postoperatively, the graft site showed extensive neutrophilic inflammation enclosing and infiltrating the fish skin graft, with a surrounding layer of mononuclear leukocytes and a few multinuclear giant cells. The subarachnoid space was closed by infiltration of lymphocytes and macrophages. (Figure 7 and Figure 8 )
After five weeks, inflammatory changes in the fish skin graft had regressed, but a continuous layer of multinuclear giant cells enclosed the graft, gradually replacing the graft from the periphery. The layer of giant cells was surrounded by an intense infiltration of lymphocytes. The inflammatory adhesion of the leptomeninges was still present (Figure 9 and Figure 10) .
Eight weeks after the operation, inflammatory processes in the neodura had regressed further. MP-stained slides showed neogenesis of tissue and emerging new blood vessels (angioneogenesis). The subarachnoid space was again evident in the periphery, but directly below the graft site mononuclear inflammatory infiltrates are still evident (Figure 11 and Figure 12) .
After 11 weeks, a further regression of the cellular inflammatory response was evident, with only clusters of lymphocytic and monocytic nodular infiltrates still visible and re-opening of the subarachnoid space (Figure 13 and Figure 14) .
The results are summarized in Table 1 .
The histological examination concludes that the acellular fish skin graft acts as host for cellular ingrowth and allows for neodura formation. This is evident on the graft sites in all the sacrificed animals.
Discussion
Necropsy
The macroscopic findings at necropsy are promising. Most of the documented changes are in-line with expecta- Figure 6 . MRIs taken at weeks 8 (above) and 11 (lower). From left to right, 1) the coronal, 2) axial and 3) saggital planes followed by 4) a sagital view with gdolinium contrast enhancement. tions and in-line with earlier studies [13] . The reaction at 2 weeks with some inflammation and overlying adhesions is normal and has been documented in studies of other biologic materials. In the case of the fish skin graft, the inflammation however subsidizes until at 11 weeks, when there is no evidence of inflammation or any adhesions. This is in contrast to findings by Neulen et al., were three groups demonstrated a high ration of adhesions at 24 weeks. The materials tested by Neulen et al. were a semisynthetic collagen bilayer ("Duragen") and an autologous periosteum repair group. The incidence of macroscopic adhesions (soft or considerable) was 80%, 33% and 25% respectively [14] . Both the sheep that were sacrificed at 5 and 8 weeks had moderate to minor adhesions respectively. As a result of not securing the bony flaps with a plate and screw, both of those sheep had significant bony intrusion into the skull, with subsequent pressure onto the cerebral surfaces possibly resulting in adhesion being noted between the brain and the intrusive bone. In a larger study this needs to be taken into account and the bony flap fixed with a plate and screw.
Histology
The histological changes documented an initial acute inflammatory response with a foreign body reaction at 2 weeks postoperatively. The foreign body reaction then diminished and finally led to the formation of a mature neodura merging smoothly with the surrounding native dura at 11 weeks. Concluding that the initial inflammatory response was followed by vascular in-growth leading to fibroblast migration into the acellular fish skin and finally the deposition of new tissue integrating seamlessly with the surrounding native dura.
The findings are in keeping with the results from Knopp et al., who reported similar results using sheep as an experimental model to evaluate a new equine collagen biomatrix for dura replacement [13] .
Inflammatory changes in the subarachnoid and subdural space were regressing from week 5 postoperatively. Focal lymphoid infiltrates were identified directly below the graft site at 8 weeks after operation-likely because of minute iatrogenic injury to the arachnoidea during operation.
The findings in this small pilot study are favorable when compared with the findings of specific previous animals trials, were some of the tested products demonstrated significant osseous metaplasia and significant fibrosis [1] . Neither osseous metaplasia nor fibrosis was demonstrated in the study of the acellular fish skin.
Neulens et al. published the results of a porcine model with lymphocytic infiltration at 4 weeks as well as suture granulomas. This was then shown to have a diminishing inflammatory response at 24 weeks [14] .
An optimal experimental design is often a compromise between the number of animals on the one hand, and the ethical and economic costs of performing the study on the other hand. The positive findings in this initial study argue for the continued use of sheep in a larger study on the efficacy of acellular fish skin in dura depair.
Neuroimaging
In none of the subjects was there evidence of CSF leak, which is in-line with the necropsy findings, where the fish skin had integrated into the surrounding dura mater. Overall the results demonstrated diminishing signal abnormality and post contrast enhancement from 2 to 11 weeks with the final images at 11 weeks demonstrating very little if any abnormal findings.
A study in a canine beagle model by Asher et al. explored the use of a dural sealant. MRI scans were performed at day 3 and then monthly afterwards. The first scan demonstrated hyperintensivity in the T2 and T1 with contrast considered to be the result of postoperative oedema. This hyperintensity had subsided at the one month scan in both the active and control groups. This study also noted minor displacements in relation to the bony flaps as in our study. On follow up MRI from one month onward there were visible contrast enhancements related to the treatment article only dissipitating at 5 and 6 months [11] . In our study the contrast enhancement had dissipitated sooner, or at 11 weeks (<3 months).
As the bony flap was not secured with a plate and screw, there were significant changes between the individual sheep in the position of the bony flap, in particular the sheep at 5 and 8 weeks. Those sheep had significant intrusions of the bony flap into the calvarium, with some associated pressure onto the cerebral surface. The interpreting radiologist concluded that this intrusion resulted in some underlying cerebral edema and in the case of the sheep at 5 weeks a small intracerebral hemorrhage. This needs to be taken into account when further test will be done by fixing the bony flap with a plate and screws postoperatively.
We are not aware of any other study performing regular MRIs after dura repair in a large animal model studying biologic grafts.
Conclusion
Kerecis Omega3 Dura™ performed safely and effectively in this pilot study and needs to be further assessed in a larger scale animal study.
